Optimum conditions of the annealing temperature, atmosphere, applied field, etc. for the magnetic field annealing of transformer steel sheets are presented from the practical point of view. The specimens used were randomly oriented hotrolled commercial sheets of T-class containing about 4.5% Si. Excellent magnetic properties were obtained, when high magnetically annealed under the same condition. The maximum permeability thus obtained is about 30000 for the high grade sheets, and the uniaxial anisotropy induced has been found to be 980 erg/cc from the calculation based on magnetization curves. The temperature dependence of the isothermal magnetic field annealing effect expressed as the percentage increase of the maximum permeability is linear when plotted against the inverse of the annealing temperature and can be interpreted as a process with the activation energy of 51kcal/mol, which is in good agreement with the activation energy for diffusion of Si atoms in ferrite.
I. Introduction
The magnetic field annealing of substitutional alloys has long been studied intensively by Graham when the specimens cooled in the field of 3 Oe to room 1 hr. It is found from the table and the figure that the magnetic property most strongly affected by field cooling is the maximum permeability and is twice as large as that of the specimens annealed without field (AA), so that the hysteresis loop of the magnetically annealed specimen tends to become nearly a rectangle, as is represented by an increase in Br/B10. On the contrary, the permeability at low fields such as 0.01 is not apparently subject to the field cooling. Further, it was confirmed from several experiments that the above-mentioned effect is always observed irrespective of whether the magnetic field during cooling was static or alternative and also of whether the atmosphere was vacuum, hydrogen, nitrogen gas or closed air.
As noted above, excellent properties are easily obtainable by field cooling, which may be very useful for some industrial purposes. Therefore, the relation between magnetic properties and annealing conditions was investigated from the viewpoint of its industrial treatment.
2. Influence of the magnetic field strength on the magnetic field cooling effect for 1 hr were kept again in static magnetic fields of furnace-cooled to room temperature in the field.
Magnetic properties thus obtained are plotted against the field strength applied during annealing in Fig. 2 .
As can be seen from this figure, the magnetic annealing effect appears slightly even in the field as low as 0. temperatures relaxes in a complicated way with time, so that the effect is dependent on the strength of applied field or on the annealing temperatures).
3. Influence of the field-treating temperature on the magnetic field cooling effect cooled to a temperature at which the field of 5 Oe was applied for 1 hr and then furnace-cooled to room temperature. The field-treating temperature dependence of the magnetic properties is shown in Fig. 3 (a) . the magnetically annealed specimens (MA) to that of the ordinarily annealed ones (AA) under the same condition. It is shown from the figure that the improvement of the magnetic properties begins to appear deterioration at high temperatures may be due to the thermal agitation which disturbes the rearrangement of domains by field annealing(5)(6).
Disappearance of the magnetic annealing effect
The uniaxial anisotropy induced along the direction of field applied during field annealing should be diminished with increasing thermal agitation, if it is reheated at high temperatures in the absence of the field. Fig. 4 shows the change in.magnetic properties of the specimens after annealing for one hour at various temperatures without field. Here, the ordinate represents the ratios of the magnetic quantities of the speci- After heating the specimens in the absence of the applied for 1 hr at that temperature, and then the field was cut off in the course of cooling to room temperature.
The effect of the temperature of field removal on the magnetic properties is shown in Fig. 5 , of which Consequently, it is concluded that this type of heat treatment must be done during the cooling in a continuous production line heat treatment procedure.
6. The effect of preliminary annealing on the magnetic annealing effect
In the previous report, it has been shown that the magnetic properties of specimens depend large on annealing conditions such as temperature and atmosphere even in the absence of field.
Here, the field annealing effect in the specimens annealed preliminarily under-various conditions is presented. The results obtained are given in Table 2 and Fig. 6 . The values in the table are static magnetic properties of the Table 2 Magnetic properties of magnetically annealed silicon steel sheets previously heat-treated in various conditions. H2A: Hydrogen-annealed. shows that the T-90 specimen magnetically annealed in the optimum condition, namely, hydrogen-annealed uniaxial anisotropy energy of 980 erg/cc.
Isothermal magnetic field annealing
As described in section 3, the greatest magnetic field annealing effect was observed when the specimens the magnetic field in this case was also applied during the subsequent cooling.
In order to obtain the pure effect of the annealing temperature, an isothermal treatment was performed. The T-90 specimens were mally annealed at an alternating field of 8 Oe at various temperatures for 3 hr. In the curve (b) of Fig. 3 , the ratio of the magnetic quantities after the isothermal magnetic annealing to those before annealing is given against the annealing temperature. Also, the logarithm of the percentage increase of the maximum permeability as the most sensitive indicator for the change in properties by isothermal magnetic annealing is plotted in Fig. 7 against the reciprocal of the annealing temperature. From this result, it is seen that the isothermal magnetic field annealing is efthe rate process treatment can be applied(8):
( ing of Si atoms in the Fe lattice is the origin of such magnetic field annealing(8) (9) .
IV. Summary
The randomly oriented commercial hot-rolled transformer silicon steel sheets of T-90 and T-135 grades 0.35mm in thickness were magnetically annealed under various conditions.
(1) Magnetic properties affected most strongly by magnetic field annealing are not the magnetization at low fields but that at moderate fields or the maximum permeability and the remanence. The appropriate the temperature of field removal during cooling must specimens are reheated again without field. These findings suggest the usefulness of magnetic field annealing in the industrial improvement of magnetic properties.
(2) From the magnetization curve of the specimen having the greatest effect, the induced magnetic anisotropy energy was measured to be 980 erg/cc.
(3) By measuring the temperature dependence of the isothermal magnetic field annealing effect, it can be interpreted as due to a process with an activation energy of 51 kcal per mol. This suggests that the directional ordering of Si atoms in the Fe lattice is the most likely mechanism.
